In conventional dropwise condensation on a hydrophobic surface, the condensate drops must be removed by external forces for continuous operation. This Letter reports continuous dropwise condensation spontaneously occurring on a superhydrophobic surface without any external forces. The spontaneous drop removal results from the surface energy released upon drop coalescence, which leads to a surprising out-of-plane jumping motion of the coalesced drops at a speed as high as 1 m=s. The jumping follows an inertial-capillary scaling and gives rise to a micrometric average diameter at steady state. DOI: 10.1103/PhysRevLett.103.184501 PACS numbers: 47.55.dr Dropwise condensation occurs on a surface not wetted by the condensate [1] and is typically 10 times more effective than filmwise condensation in phase-change heat transfer [2, 3] . To achieve effective dropwise condensation, condensate must be quickly removed from the surface as it accumulates; otherwise, large drops will inhibit heat transfer due to the poor thermal conductance of liquid condensate [3] . Gravitational removal is the most common mechanism, but this approach depends on the orientation and only affects drops with a diameter comparable to the capillary length [4] . Here, we show that condensate drops can be autonomously removed on a superhydrophobic surface without any external forces; we also show that the average drop radius at steady-state condensation is 3 decades smaller than the capillary length. The spontaneous motion is powered by the surface energy released upon drop coalescence and is unique in that out-of-plane jumping results from in-plane coalescence. A similar mechanism is used by ballistospore mushrooms to discharge a spore from the tip of its sterigma, a process triggered by the coalescence of the Buller's drop (condensate at the base of the spore) with the wetted spore [5] [6] [7] . We believe the jumping motion reported here is underlying recent reports of rapid drop movement upon coalescence on synthetic and natural superhydrophobic surfaces [8] [9] [10] .
Dropwise condensation occurs on a surface not wetted by the condensate [1] and is typically 10 times more effective than filmwise condensation in phase-change heat transfer [2, 3] . To achieve effective dropwise condensation, condensate must be quickly removed from the surface as it accumulates; otherwise, large drops will inhibit heat transfer due to the poor thermal conductance of liquid condensate [3] . Gravitational removal is the most common mechanism, but this approach depends on the orientation and only affects drops with a diameter comparable to the capillary length [4] . Here, we show that condensate drops can be autonomously removed on a superhydrophobic surface without any external forces; we also show that the average drop radius at steady-state condensation is 3 decades smaller than the capillary length. The spontaneous motion is powered by the surface energy released upon drop coalescence and is unique in that out-of-plane jumping results from in-plane coalescence. A similar mechanism is used by ballistospore mushrooms to discharge a spore from the tip of its sterigma, a process triggered by the coalescence of the Buller's drop (condensate at the base of the spore) with the wetted spore [5] [6] [7] . We believe the jumping motion reported here is underlying recent reports of rapid drop movement upon coalescence on synthetic and natural superhydrophobic surfaces [8] [9] [10] .
A superhydrophobic substrate, composed of two-tier roughness with carbon nanotubes deposited on silicon micropillars and coated with hexadecanethiol, was prepared in the same manner as structure B mn in [8] . As a control case, a smooth silicon substrate coated with hexadecanethiol was also used. The substrates were placed on a horizontally oriented copper plate controlled at 5:5 AE 0:5 C by a circulating chiller. A thin film of water was used to reduce the contact resistance between the substrates and the cold plate. The laboratory temperature was measured to be 19 C with a relative humidity of 74% (dew point ¼ 14 C). Video imaging of water vapor condensing from the air was captured with a Phantom v7.1 camera attached to a Nikon LV150 or an Infinity K2 microscope for top-down or side-view imaging.
Horizontally oriented hydrophobic and superhydrophobic substrates were chilled and the resulting condensation process was captured (Fig. 1) . Figure 1(a) shows conventional dropwise condensation on the smooth hydrophobic surface, while Fig. 1(b) shows condensation on the superhydrophobic surface. In lack of an external drop removal mechanism, the drops continued to grow on the hydrophobic surface. In contrast, the condensate drops on the superhydrophobic surface were autonomously removed, as evident from the large ''dry'' area at 20 min [ Fig. 1(b) ].
Quantitative analysis of the condensation process is shown in Fig. 2 . The surface coverage (
2 ) is the ratio of the projected surface area covered by the drops over the substrate area. The surface coverage reaches a plateau of 2 % 0:4 for the superhydrophobic surface, smaller than 2 % 0:6 for the hydrophobic surface [ Fig. 2(b) ]. The consequence of the autonomous drop removal is even more pronounced for the average drop diameter, h2ri, which plateaus on the superhydrophobic surface but continues to grow on the hydrophobic surface [ Fig. 2(a) ].
The temporal evolution of the average drop diameter follows a power law [11] , where t is the time and is the growth law exponent depending on the stage of condensation. Without external forces, two stages of condensation were observed on the hydrophobic surface, while an additional third stage was observed for the superhydrophobic surface as a result of the autonomous removal [ Fig. 2 
(a)]:
Stage 1: initial growth without coalescence.-At the first stage, drops nucleated and grew without significant interactions, and the initial surface coverage was negligible. Because of the initial transient cooling of the cold plate, we could not accurately determine the power law in the first 30 s [12] ; however, the 1=3 law is expected on both hydrophobic and superhydrophobic surfaces [13] [14] [15] .
Stage 2: immobile coalescence.-At the second stage, the surface coverage was large enough for the condensate to frequently coalesce together, but the center of mass of the merging drops did not change appreciably before and after coalescence. On the hydrophobic surface, the growth followed a power law with ¼ 0:74 AE 0:05. This growth law is consistent with the approximate 0.75 law measured for breath figures [16, 17] . The discrepancy with the theoretical approximation of ¼ 1 [18] could be explained by the transient in surface temperature [12, 17] as well as other simplifications discussed in [18] . On the superhydrophobic surface, coalescence did not begin until t % 40 s when h2ri % 3 m. Droplet growth followed a power law with ¼ 0:82 AE 0:07, close to growth rates observed on textured surfaces [14, 15] . While immobile coalescence with continuous power law growth was the steady-state behavior on the hydrophobic surface, the condensation on the superhydrophobic surface entered a third stage at 90 s.
Stage 3: mobile coalescence.-When the average drop diameter on the superhydrophobic surface reached a threshold value, coalescence led to the mobilization and rapid removal of the merged drops from the surface. This autonomous removal resulted in a power law exponent of ¼ 0:02 AE 0:04; i.e., the average diameter was constant within experimental uncertainty at 5:3 AE 0:4 m. The ¼ 0 power law is necessary for continuous dropwise condensation with effective heat transport. In conventional dropwise condensation, the steady-state condition with constant average diameter is typically accomplished with gravity on a tilted hydrophobic surface, leading to an average drop diameter well above 100 m [2, 4] . On the horizontal superhydrophobic surface reported here, autonomous drop removal was observed to result from coalescence involving at least one ''large'' drop with diameter * 10 m [19] . This critical drop diameter for mobile coalescence probably dictates h2ri in the same manner that the capillary length does in conventional dropwise condensation [4] .
The rapid drop motion during Stage 3 condensation on the superhydrophobic substrate was studied by high-speed imaging, and a surprising out-of-plane jumping motion upon coalescence was captured. Repeated observations confirmed that the condensate departed the surface only after coalescing with other drops. Two types of mobile coalescence were observed: initial coalescence where a static group of neighboring drops merged together and departed the surface (Fig. 3) , and dynamic coalescence where a drop already in motion from a previous coalescence came in contact with a stationary drop(s) (Fig. 4) . Although the merged drop exhibited a lateral velocity as high as 1 m=s (e.g., when several drops initially coalesced in Fig. 3 ), its velocity was typically dominated by the vertical component as shown in Fig. 4 . Although it has been observed elsewhere that condensate drops can mobilize individually on a substrate near its melting point [20] or collectively upon coalescence on a superhydrophobic surface [8] [9] [10] , this is the first report of an out-of-plane jumping motion spontaneously occurring on engineered surfaces.
The surface coverage on the superhydrophobic surface was not dramatically lower than that on its hydrophobic counterpart due to the appearance of new families of droplets [11] ; however, this recreation of the early droplet growth cycle leads to very efficient heat removal [3] . Because the heat transfer rate increases with decreasing average drop diameter even with the same surface coverage [2, 4, 21] , superhydrophobic surfaces can be used to promote effective dropwise condensation. Although the jumping phenomenon occurred at all orientations, the sub- Time 0 corresponds to the first visual appearance of condensate drops [12] , and the error bars are the 95% confidence intervals of the exponential fit. strate was horizontally oriented here to show that no external force is needed for condensate removal: the merged drop jumped off the surface, fell back in the mobile Cassie state [22] , and bounced across the surface until it triggered another coalescence. After a few coalescences, the merged drops moved out of the field of view (0:4 Â 0:4 mm 2 ) and eventually rolled off the chip (20 Â 20 mm 2 ). The self-propelled drop motion appears to be powered by the surface energy released upon drop coalescence. On a superhydrophobic surface, the condensate drops can be assumed spherical to first order approximation with negligible interactions with the substrate. If all of the released surface energy is converted to translational kinetic energy, when two spherical drops of radii r 1 and r 2 coalesce into one, the velocity of the merged spherical drop is
where is the surface tension and is the density of the liquid. For drops of equal radius, r 1 ¼ r 2 ¼ r, this inertialcapillary velocity reduces to
When inertia dominates, the merging time scales as
Similar inertial-capillary velocity and time scales have proven useful in inertia-dominated problems involving the bridge formation during drop coalescence [23, 24] and the bouncing motion of superhydrophobic drops [25, 26] . The Reynolds number based on v i is
where is the liquid viscosity. Therefore, viscosity dominates as the radius approaches a critical value,
at which the inertial velocity v i equals the viscouscapillary velocity of v v / =.
The vertical velocity of the merged drop resulting from coalescence of two individual drops was measured experimentally (Fig. 5) . The measured velocity (v ex ) was nondimensionalized by the theoretical velocity [v i in Eq. (2)],
For average drop diameter 2r avg ! 85 m, the nondimensional velocity (v ? ) was approximately constant at 0.17. The measured Reynolds number was Re ¼ 0:38 at 2r avg ¼ 17 m and 11 at 85 m. The experimental results at relatively high Reynolds numbers (Re * 10) support the inertial-capillary velocity scaling [Eq. (2)]. The measured coalescence time was also on the same order as the inertial time scale. At lower Reynolds numbers, viscous effects became increasingly important, which explains the reduction in v ? (not necessarily in v ex ). The experimentally observed critical diameter for jumping was of order 10 m, much higher than the theoretical prediction which is of order 10 nm for water [Eq. (6) ]. This discrepancy may be explained by the relatively weak dependence of the Reynolds number on drop size [Eq. (5)], together with the negligence of all dissipative processes including those related to the contact line movement [27, 28] and the viscosity-dominated initial bridging process [23, [29] [30] [31] . Interestingly, the critical size of the Buller's drop for triggering spore ejection is also 10 m [6, 7] despite the differences in the ejection and jumping processes.
The unusual out-of-plane motion resulting from in-plane coalescence was reproduced on a Leidenfrost surface [32] ; see video S5 in [33] . On a hot surface liquid drops float on a vapor layer, resembling superhydrophobicity [26, 34] . When two Leidenfrost drops coalesced, a liquid bridge formed above the substrate along the center line of the drops. The bridge diameter quickly grew to be larger than that of the original drops, and the impact of the liquid bridge on the substrate (or rather the compression of the vapor layer) exerted an upward force lifting the merged drop up. The millimetric Leidenfrost drops followed the same scaling trends [Eqs. (3) and (4)] as the much smaller superhydrophobic condensate drops. We believe the same ''liquid bridge impacting substrate'' mechanism is underlying the jumping motion on superhydrophobic surfaces, which is somewhat evident in video S4 [33] . This mechanism explains why the jumping motion has not been ob- served from drop coalescence on conventional substrates [27, 35, 36] . Our findings show that although surface roughness is critical for achieving superhydrophobicity, it is not essential for the jumping motion. However, the spontaneous motion offers a mechanism to switch from the sticky Wenzel state [37] to the nonsticking Cassie state [22] , a transition crucial for achieving antidew superhydrophobicity on rough surfaces [38] . The surface energy released upon coalescence of two drops can be as high as 20% of the original energy, about 10 times larger than the typical energy barrier for Wenzel to Cassie transition [39] .
In conclusion, we reported a self-propelled jumping motion of condensate drops on a superhydrophobic surface, and our scaling model suggested that such motion results from the surface energy released upon drop coalescence. The jumping leads to autonomous removal of dropwise condensate without the action of any external forces, which has the potential to enhance condensation heat transfer.
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